Introduction {#Sec1}
============

Chronic kidney disease (CKD) affects nearly 10% of adults in the United States, and the incidence and prevalence of this disease are increasing worldwide \[[@CR1]\]. CKD progresses to end-stage renal disease as renal function declines gradually when a critical number of functional nephrons are lost. Treatment options for CKD are limited and only offer partial protection against CKD progression \[[@CR2], [@CR3]\]. The development of more effective drugs to halt CKD progression is therefore a critical challenge for public health.

Natural small molecules remain promising drug sources. Asiatic acid (AA), a triterpenoid compound, is isolated from *Centella asiatica*, which is a traditional Chinese medicine. Previous studies have shown that AA has a variety of pharmacological effects, including anti-inflammation \[[@CR4]\], antioxidation \[[@CR5]\], and antitumor effects \[[@CR6], [@CR7]\]. Few studies have evaluated the mechanism of AA for the treatment of renal fibrosis. Although previous studies have demonstrated that AA produces a significant effect on the inhibition of renal fibrosis by regulating TGF-β/Smad signaling \[[@CR8], [@CR9]\], the details remain elusive. It is unclear whether AA regulates key proteins in the TGF-β/Smad signaling pathway by direct binding or through other mediators. It has been reported that thiazolidinediones, peroxisome proliferator-activated receptor-γ (PPAR-γ) agonists, attenuate renal interstitial fibrosis, and inflammation through a reduction in TGF-β \[[@CR10]\]. We hypothesize that AA attenuates renal injury and fibrosis by activating PPAR-γ. To test this hypothesis, we investigated whether the selective and irreversible PPAR-γ antagonist GW9662 counteracts the protective effects against renal injury and fibrosis afforded by AA treatment in animals. Our results showed that AA upregulated the expression of nuclear-localized sterol regulatory element-binding proteins-1 (nSREBP-1), enhanced 15d-PGJ2, activated PPAR-γ, and consequentially attenuated renal damage in unilateral ureteral occlusion (UUO) models.

Materials and methods {#Sec2}
=====================

Chemicals and reagents {#Sec3}
----------------------

LC-grade methanol and chloroform were purchased from Merck (Darmstadt, Germany). Internal standards (myristic acid), N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA), methoxyamine hydrochloride, and pyridine were supplied by Sigma-Aldrich (St. Louis, MO, USA). 15-Deoxy-Δ12, 14-prostaglandin J2 (15d-PGJ2) was supplied by Cayman Chemical (Ann Arbor, MI, USA). AA was obtained from FeiYu Biotech Ltd Co (Nantong, China), and GW9662 was purchased from AbMol BioScience (Houston, TX, USA). Fatostatin was supplied by TargetMol (Shanghai, China). The chemicals used in this study were of analytical grade, and their purity was above 99.5%.

Animal models {#Sec4}
-------------

All animal experiments were approved by the Ethics Committee for Animal Experiments of China Pharmaceutical University. After acclimatization for 1 week, rats and mice were used in the experiments. Male Sprague-Dawley rats (weight 180--200 g) and male ICR mice (weight 18--20 g) were given free access to water and regular chow. An animal model of UUO was established as described previously \[[@CR11]\]. In brief, under chloral hydrate anesthesia, the left ureter was double-ligated with a 4-0 silk suture following a midline abdominal incision. Sham-operated animals underwent the same surgical intervention except for ureteral ligation.

To investigate the effect of AA, the rats were randomly separated into the following four groups: the UUO group (*n* *=* 6), the sham-operated group (control group, *n* *=* 6), the UUO + AA group (*n* *=* 6) (rats that were orally administered AA (10 mg·kg^−1^ per day, once a day continuously for 7 days) 12 h prior to UUO surgery), and the UUO + AA + GW9662 group (*n* = 6) (rats that were administered GW9662 (1 mg·kg^−1^ per day, ip, once a day continuously for 7 days) a half hour prior to the oral administration of AA). All rats were operated in the morning and sacrificed at 9:00 A.M. 7 days later. For the verification test, male ICR mice were used and randomly separated into the following four groups: the UUO group (*n* *=* 3), the control group (*n* *=* 3), the UUO + AA group (*n* *=* 3) (UUO mice that were given AA (15 mg·kg^−1^ per day, once a day continuously for 3 days)), and the control + AA group (*n* *=* 3) (sham-operated mice that were given AA (15 mg·kg^−1^ per day, once a day continuously for 3 days)). All mice were operated on in the morning and sacrificed at 9:00 A.M. 3 days later. To verify the role of the alterative metabolite 15d-PGJ2 in renal injury, we also used a mouse model, and mice were randomly separated into the UUO group (*n* *=* 3), the control group (*n* *=* 3), the UUO + 15d-PGJ2 group (*n* *=* 3) (mice that were administered 15d-PGJ2 (24 μg·kg^−1^ per day, ip, once a day continuously for 7 days)), and the UUO + 15d-PGJ2 + GW9662 group (*n* = 3) (mice were administered GW9662 (2 mg·kg^−1^ per day, ip, once a day continuously for 7 days) a half hour prior to the administration of 15d-PGJ2). All mice were operated on in the morning and sacrificed at 9:00 A.M. 7 days later. To investigate the relationship between AA and the generation of 15d-PGJ2, a mouse model was used, and male ICR mice were randomly separated into the UUO group (*n* *=* 3), the control group (*n* *=* 3), the UUO + AA group (*n* *=* 3) (mice that were given AA (15 mg·kg^−1^ per day, once a day continuously for 3 days)), and the UUO + AA + fatostatin group (*n* = 3) (mice that were given fatostatin (30 mg·kg^−1^ per day, ip, once a day continuously for 3 days) a half hour prior to the administration of AA). All mice were operated on in the morning and sacrificed at 9:00 A.M. 3 days later. Under chloral hydrate anesthesia, plasma was collected for biochemical detection or GC/MS analysis, and the left kidney was harvested and stored at −80 °C until analysis.

Blood parameters, histology, and Western blotting {#Sec5}
-------------------------------------------------

Blood analyses were performed on an Olympus AU640 automatic analyzer. The histological protocol was described in detail previously \[[@CR12]\]. The Western blot protocol was described previously \[[@CR13]\]. The following primary antibodies were used: anti-collagen I (ab34710, Abcam, Cambridge, UK), anti-fibronectin (ab45688, Abcam), anti-α-SMA (ab124964, Abcam), anti-GAPDH (HRP-60004, Proteintech, Rosemont, IL, USA), anti-PPAR-γ (ab209350, Abcam), anti-SREBP-1 (ab28481, Abcam), anti-TGF-β1 (21898-1-AP, Proteintech), anti-Smad2 (\#5339, CST, Danvers, MA, USA), anti-Smad3 (\#9523, CST), anti-Smad7 (MAB2029, R&D, Minneapolis, MN, USA), anti-β-catenin (\#8480, CST), anti-12-LO (C-5) (sc-365194, Santa Cruz, Santa Cruz, CA, USA), anti-Rac1 (66122-1-Ig, Proteintech), and anti-NOX4 (14347-1-AP, Proteintech) antibodies, and the Wnt Signaling Antibody Sampler Kit (\#2915, CST). Semiquantitative analysis of each protein was performed by using ImageJ software (version 1.48), and the band densities were normalized to those of GAPDH.

mRNA isolation and qRT-PCR {#Sec6}
--------------------------

Total mRNA was extracted using a High Pure RNA Isolation Kit (RNAiso Plus, Takara Bio, Japan) according to the manufacturer's instructions. Total RNA was reverse transcribed by a HiScript II Q RT SuperMix for qPCR according to the manufacturer's instructions (Vazyme, Nanjing, China). Quantitative real-time PCR (qRT-PCR) was carried out by the Step One System (A&B, Waltham, MA, USA) using AceQ qPCR SYBR Green Master Mix (Vazyme). The mRNA levels of the genes were calculated by normalization to the levels of GAPDH. The following primers were used: SREBP-1: (forward) 5′-CAGCAGCAGTGGTGGCAGTG-3′, (reverse) 5′-GGTTGCAGGTCAGACACAGGAAG-3′; GAPDH: (forward) 5′-TCCTGCACCACCAACTGCTTAG-3′, (reverse) 5′-AGTGGCAGTGATGGCATGGACT-3′.

GC-MS sample preparation {#Sec7}
------------------------

Internal standard solutions (10 µL of myristic acid in methanol, 1 mg/mL) were added to 100 μL of plasma. The mixed solution was extracted with 300 µL of methanol and chloroform (3:1, v/v) and vortexed for 30 s. The mixture was stored at room temperature for 10 min and centrifuged at 15 000 × *g* for 10 min at 4 °C. The resulting 300 μL of supernatant was transferred to a sample vial for vacuum drying at room temperature. The residue was redissolved in 80 μL of a methoxyamine solution (15 mg/mL in pyridine) and vortexed for 1 min. An oximation reaction was performed at 37 °C for 1.5 h. Then, 80 μL of BSTFA (containing 1% TMCS) was added to the solution, and the solution was vortexed for 30 s. The sample was kept at 70 °C for 1 h and vortexed for 10 s. The supernatant was transferred to a sample vial for GC-MS analysis.

The samples were analyzed using an Agilent 7890 chromatograph coupled with a 5977B MS system (Agilent Technologies, Santa Clara, CA, USA). Separation was achieved on a DB-5 ms capillary column coated with 95% dimethyl 5% diphenyl polysiloxane (30 m × 0.25 mm i.d., 0.25-µm film). The initial GC oven temperature was set at 60 °C for 1 min, followed by a 10 °C/min oven temperature ramp to 325 °C, which was maintained for 10 min. The temperature of the inlet, transfer line, and ion source was set to 250, 290, and 250 °C, respectively. The injection volume was 1 μL with a split ratio of 1:10. Helium was used as the carrier gas with a constant flow rate of 0.87 mL/min. Measurements were made with electron impact ionization (70 eV) in full scan mode (*m/z* 50−650).

Data analysis {#Sec8}
-------------

The raw GC-MS data were converted and prepared for multivariate analysis according to the previously published methods \[[@CR14]\]. The peak area was normalized to the internal standard. PCA analysis was used to visualize general clustering, trends and outliers among the observations. OPLS-DA was used to validate the PCA model and identify the differential metabolites. Fold changes of the arithmetic mean values (each group/the control group) were calculated. Student's *t* test was used to analyze the statistical significance of the results. The *P* values obtained from Student's *t* test were further adjusted by a false discovery rate method based on the Hochberg--Benjamini method. Differential metabolites were identified by a library search (NIST and Fiehn) and confirmed by available references.

Results {#Sec9}
=======

GW9662 abolished the protective effects of AA in UUO rats {#Sec10}
---------------------------------------------------------

Representative photographs of the left kidneys of the rats are shown in Fig. [1a](#Fig1){ref-type="fig"}. As shown in Fig. [1b](#Fig1){ref-type="fig"}, the UUO rats exhibited significant increases in serum creatinine (Scr), blood urea nitrogen (BUN), and triglyceride (TG) levels, suggesting a significant degree of renal dysfunction. Treatment with AA group significantly attenuated the increase in BUN and Scr levels. However, the attenuation of BUN and Scr levels observed after AA treatment was reversed by the administration of GW9662, an antagonist of PPAR-γ (Fig. [1b](#Fig1){ref-type="fig"}). Histological analysis suggested that kidney tissues from the UUO rats exhibited severe tubular dilatation, tubular atrophy, and widened interstitial space with severe inflammatory cell infiltration (Fig. [1c](#Fig1){ref-type="fig"}). The oral administration of AA attenuated the interstitial injury, whereas the attenuation of interstitial damage was reversed by GW9662 (Fig. [1d, e](#Fig1){ref-type="fig"}).Fig. 1**a** Representative photographs of left kidneys. **b** Biochemical parameters including serum creatinine (Scr), blood urea nitrogen (BUN), total cholesterol (TC), triglyceride (TG), and total protein (TP) in each group. **c** Representative photomicrographs of the H&E staining and Masson's trichrome staining from left kidneys of control, UUO, UUO + AA, UUO + AA + GW9662 rats. **d** Bar graph depicts renal injury scores based on H&E staining. **e** Bar graph depicts renal interstitial fibrosis scores based on Masson's trichrome staining. (H&E staining; scale bar, 100 µm; Masson staining; scale bar, 50 µm; magnification, ×200). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 (compared with control group); ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 (compared with UUO group)

UUO resulted in a significant increase in Collagen I (Col I), fibronectin (FN), and alpha-smooth muscle actin (α-SMA) levels, as well as Collagen III levels, suggesting interstitial fibrosis (Fig. [2a, b](#Fig2){ref-type="fig"}). The treatment of rats with AA produced a significant attenuation of the UUO-mediated increase in Col I, FN, and α-SMA levels, indicating improvement in interstitial fibrosis (Fig. [2b](#Fig2){ref-type="fig"}). The administration of GW9662 in AA-treated rats produced an increase in the expression of the abovementioned proteins similar to that in UUO rats and thus abolished the protective effect mediated by AA (Fig. [2a, b](#Fig2){ref-type="fig"}).Fig. 2**a** Immunohistochemical staining of α-SMA and collagen Ш. scale bar, 50 µm. **b** Western blots showing fibrotic protein expression in kidneys from all groups. **c** Western blots showing protein expression in the Wnt/β-catenin signaling pathway in kidneys from all groups. **d** Western blots showing protein expression in the TGF-β/Smad signaling pathway in kidneys from all groups. **e** Western blots showing PPAR-γ expression in kidneys from control, UUO, UUO + AA and UUO + AA + GW9662 rats. **f** Western blots showing protein expression of Nox4, Rac1, and 12-LOX in kidneys from all groups. Quantitative measurements of protein expression in kidneys from each group as indicated. \**P* \< 0.05, \*\**P* \< 0.01, or \*\*\**P* \< 0.001

Wnt/β-catenin signaling is closely associated with renal fibrosis \[[@CR15]\] as well as the classic TGF-β/Smad signaling axis. We next examined the effects of GW9662 on the Wnt/β-catenin and TGF-β/Smad signaling pathways in UUO rats treated with AA. UUO caused a significant increase in Dvl2, Dvl3, and β-catenin expression, which indicated the activation of Wnt/β-catenin signaling. Treatment with AA mediated a significant attenuation of the UUO-induced increase in Dvl2, Dvl3, and β-catenin expression, while the administration of GW9662 abolished the protective effect of AA (Fig. [2c](#Fig2){ref-type="fig"}). Meanwhile, we found that UUO caused a significant increase in TGF-β1, Smad2, and Smad3 expression and a decrease in Smad7 expression, which indicated the activation of TGF-β/Smad signaling (Fig. [2d](#Fig2){ref-type="fig"}). After treatment with AA, the upregulation of TGF-β1, Smad2, and Smad3 expression was significantly reduced; the downregulation of Smad7 expression was significantly increased (Fig. [2d](#Fig2){ref-type="fig"}). The administration of GW9662 in AA-treated rats produced a marked increase in TGF-β1, Smad2, and Smad3 expression as well as a marked decrease in Smad7 expression, suggesting that it abolished the improvement in the expression of these proteins mediated by AA (Fig. [2d](#Fig2){ref-type="fig"}).

In addition to fibrosis-related proteins and pathways, AA also affected oxidative stress in UUO rats. As shown in Fig. [2f](#Fig2){ref-type="fig"}, the expression levels of reactive oxygen species (ROS)-generating molecules including NOX4, Rac1, and 12-LOX were significantly increased in UUO rats. Treatment with AA produced a significant attenuation of the UUO-mediated increase in NOX4, Rac1, and 12-LOX expression, and the administration of GW9662 abolished the antioxidant effect mediated by AA (Fig. [2f](#Fig2){ref-type="fig"}).

Expression of PPAR-γ in rat kidneys {#Sec11}
-----------------------------------

Since an antagonist of PPAR-γ, GW9662, can reverse the renal protective effects of AA, we hypothesized that AA may ameliorate renal fibrosis via activating PPAR-γ. Therefore, we investigated the expression of PPAR-γ in kidneys from different group of rats. UUO rats induced a significant increase in the expression of PPAR-γ compared with that in sham-operated rats (Fig. [2e](#Fig2){ref-type="fig"}). When compared with that in UUO rats, the expression of PPAR-γ did not significantly change in rat kidneys after treatment with AA or GW9662 (Fig. [2e](#Fig2){ref-type="fig"}), which indicates that AA activates PPAR-γ through other processes instead of directly increasing its protein expression.

Untargeted GC-MS-based metabolomics identified important differential plasma metabolites {#Sec12}
----------------------------------------------------------------------------------------

Typical total ion chromatograms of the representative samples obtained are presented in Supplementary Fig. [S1](#MOESM1){ref-type="media"}. A PCA score plot of the plasma metabolites from the control and UUO groups is shown in Fig. [3a](#Fig3){ref-type="fig"}. There was a clear separation observed in the plot of the plasma samples from the control and UUO groups, and a supervised method, OPLS-DA, was also used to show the metabolic distinction between the two groups (Fig. [3b](#Fig3){ref-type="fig"}). The OPLS-DA model parameters *R*^2^*Y* and *Q*^2^ (cum) were 0.885 and 0.701, suggesting good fitness and predictive ability of the OPLS-DA model. PCA and OPLS-DA score plots of plasma metabolites in the control, UUO and UUO + AA groups are shown in Fig. [3c, d](#Fig3){ref-type="fig"}. The UUO + AA group was more similar to the control groups than the UUO group was.Fig. 3**a** PCA scores plot from control and UUO groups. **b** OPLS-DA scores plot from control and UUO groups. **c** PCA scores plot from control, UUO, and UUO + AA groups. **d** OPLS-DA scores plot from control, UUO, and UUO + AA groups. **e** Alteration of the level of 15d-PGJ2 and linoleic acid in plasma samples of rats using GC-MS. Asterisk denotes UUO + AA vs UUO,   \*\**P* \< 0.01. **f** The plasma level of 15d-PGJ2 in mice treated with AA. \**P* \< 0.05, \*\**P* \< 0.01

Twenty-two plasma metabolites were identified (Table [1](#Tab1){ref-type="table"}). Out of the 22 metabolites, 15 were differentially expressed in UUO rats. Then, a heatmap was created to visualize the relative levels of the 22 differential metabolites in each group (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). Notably, of these 22 identified metabolites, there were two PPAR-γ ligands, namely, 15d-PGJ2 and linoleic acid. Both of them were significantly increased in AA-treated rats compared with UUO rats (Fig. [3e](#Fig3){ref-type="fig"}).Table 1Twenty-two identified plasma metabolites from GC/MSPrimary IDUUO vs ControlUUO + AA vs UUO*m/z*FC^a^*T*-test^b^FDR^c^AUC^d^FC*T*-testAUCLactic acid1471.532.78 × 10^−2^5.10 × 10^−2^1.000.425.96 × 10^−3^0.89Urea1471.922.96 × 10^−4^6.52 × 10^−3^1.000.551.25 × 10^−3^1.00*[L]{.smallcaps}*-serine2042.139.81 × 10^−3^2.70 × 10^−2^0.940.493.93 × 10^−2^0.83*[L]{.smallcaps}*-threonine2182.987.14 × 10^−3^2.62 × 10^−2^1.000.371.43 × 10^−2^0.97*[D]{.smallcaps}*-galactose3191.771.74 × 10^−2^3.82 × 10^−2^0.970.825.25 × 10^−1^0.61Palmitic acid1172.872.43 × 10^−3^2.67 × 10^−2^1.000.834.04 × 10^−1^0.67Elaidic acid1172.253.28 × 10^−2^5.55 × 10^−2^0.860.907.67 × 10^−1^0.58Xanthotoxin3412.502.20 × 10^−2^4.41 × 10^−2^1.001.107.65 × 10^−1^0.56Pyruvic acid1740.611.31 × 10^−2^3.21 × 10^−2^0.970.679.85 × 10^−2^0.78Glycine1022.066.05 × 10^−3^2.66 × 10^−2^0.940.484.94 × 10^−2^0.863-Hydroxybutyric acid1911.964.91 × 10^−2^7.71 × 10^−2^0.970.351.63 × 10^−2^1.00*[L]{.smallcaps}*-valine1440.512.90 × 10^−3^2.12 × 10^−2^0.971.781.51 × 10^−1^0.78*[L]{.smallcaps}*-phenylalanine2181.573.50 × 10^−3^1.93 × 10^−2^0.940.907.15 × 10^−1^0.53Citric acid2730.378.16 × 10^−3^2.57 × 10^−2^1.002.391.65 × 10^−1^0.64Linoleic acid731.714.12 × 10^−1^5.04 × 10^−1^0.942.125.18 × 10^−3^0.7815d-PGJ22581.048.73 × 10^−1^8.73 × 10^−1^0.563.435.31 × 10^−3^0.86*[L]{.smallcaps}*-alanine1160.877.50 × 10^−1^8.25 × 10^−1^0.610.949.01 × 10^−1^0.53*[L]{.smallcaps}*-glutamic acid1560.844.18 × 10^−1^4.84 × 10^−1^0.612.271.78 × 10^−1^0.58*[D]{.smallcaps}*-allose3191.773.19 × 10^−1^4.39 × 10^−1^0.670.614.02 × 10^−1^0.58Cholesterol3293.801.56 × 10^−1^2.29 × 10^−1^0.610.594.61 × 10^−1^0.56*[L]{.smallcaps}*-isoleucine1581.273.76 × 10^−1^4.87 × 10^−1^0.670.774.92 × 10^−1^0.64Myo-inositol3050.958.50 × 10^−1^8.91 × 10^−1^0.501.225.45 × 10^−1^0.64^a^FC: fold change value for each metabolite was calculated by comparing UUO group vs control group or UUO + AA group vs UUO group^b^Critical *P* value of the Student's *t* test^c^FDR: adjusted *P* value of FDR correction by Benjamini--Hochberg method^d^Area under the receiver operating characteristic (ROC) curve

Targeted GC-MS-based metabolomics validated the production of 15d-PGJ2 {#Sec13}
----------------------------------------------------------------------

To validate whether AA can enhance the production of 15d-PGJ2, the plasma level of 15d-PGJ2 in mice was measured by GC-MS. Mice treated with AA showed a higher level of 15d-PGJ2 than that exhibited by controls. In addition, UUO mice treated with AA showed an enhanced level of 15d-PGJ2 compared with that shown by UUO mice (Fig. [3f](#Fig3){ref-type="fig"}). These results demonstrate that AA indeed increases the plasma level of 15d-PGJ2.

15d-PGJ2 mediated similar therapeutic effects as those of AA in UUO mice {#Sec14}
------------------------------------------------------------------------

To prove our hypothesis that AA ameliorates renal fibrosis via enhanced formation of 15d-PGJ2, we administered 15d-PGJ2 to UUO mice to test whether 15d-PGJ2 shows similar therapeutic effect as those of AA. UUO mice exhibited significant increases in BUN and Scr levels, suggesting a significant reduction in renal function. Treatment with 15d-PGJ2 significantly attenuated the increase in BUN and Scr levels. However, the attenuation of BUN and Scr levels observed after 15d-PGJ2 treatment was reversed by the administration of GW9662 (Fig. [4a, b](#Fig4){ref-type="fig"}). Kidney tissues from UUO mice showed severe interstitial fibrosis and inflammatory cell infiltration. The administration of 15d-PGJ2 significantly attenuated the interstitial damage, whereas the attenuation was reversed by GW9662 (Figs. [4c](#Fig4){ref-type="fig"} and [5a](#Fig5){ref-type="fig"}). In addition, UUO mediated a significant increase in the expression of type I collagen (Col I), FN, and α-SMA, which are marker proteins in fibrosis (Fig. [5b](#Fig5){ref-type="fig"}). The treatment of mice with 15d-PGJ2 produced a significant attenuation of the UUO-induced increase in Col I, FN, and α-SMA expression, indicating an improvement in interstitial fibrosis, while the administration of GW9662 abolished the protective effect mediated by 15d-PGJ2 (Fig. [5b](#Fig5){ref-type="fig"}). Similar to AA, 15d-PGJ2 inhibited the activation of Wnt/β-catenin and TGF-β/Smad signaling pathways, and the effect was blocked by GW9662 (Fig. [5c, d](#Fig5){ref-type="fig"}). Taken together, these data suggest that 15d-PGJ2 shows similar therapeutic effects as those of AA in the UUO animal model and that the renoprotective effects of 15d-PGJ2 can be abolished by GW9662.Fig. 4Biochemical parameters including serum creatinine (Scr) (**a**) and blood urea nitrogen (BUN) (**b**) in each group of mice. **c** Representative photomicrographs of the H&E staining and Masson's trichrome staining from left kidneys of control, UUO, UUO + 15d-PGJ2, UUO + 15d-PGJ2 + GW9662 mice (H&E and Masson staining; scale bar, 100 µm; magnification, ×200). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 (compared with control group); ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 (compared with UUO group)Fig. 5**a** Immunohistochemical staining of α-SMA and Collagen Ш. scale bar, 50 µm. **b** Western blots showing fibrotic protein expression in kidneys from all groups. **c** Western blots showing protein expression in the Wnt/β-catenin signaling pathway in kidneys from all groups. **d** Western blots showing protein expression in the TGF-β/Smad signaling pathway in kidneys from all groups. Quantitative measurements of protein expression in kidneys from each group as indicated. \**P* \< 0.05, \*\**P* \< 0.01, or \*\*\**P* \< 0.001

AA regulated the formation of endogenous 15d-PGJ2 through SREBP-1 {#Sec15}
-----------------------------------------------------------------

It was demonstrated that AA activates PPAR-γ by promoting the production of endogenous 15d-PGJ2, the natural ligand of PPAR-γ. To investigate how AA regulates 15d-PGJ2, we measured the expression of SREBP-1, which is of importance in the synthesis of fatty acids since 15d-PGJ2 contains a long-chain fatty acid structure. We found that the expression of active nSREBP-1 was significantly increased in UUO rats treated with AA compared with model rats, while the expression of full-length SREBP-1 was slightly decreased (Fig. [6a](#Fig6){ref-type="fig"}), and total SREBP-1 mRNA levels remained unchanged between the two groups (Fig. [6b](#Fig6){ref-type="fig"}), suggesting that AA mediated SREBP-1 activity at the posttranscriptional level. To validate whether SREBP-1 regulates the formation of 15d-PGJ2, we gave UUO + AA mice fatostatin to test whether the level of 15d-PGJ2 was decreased. The treatment of mice with AA significantly increased the expression of nSREBP-1 compared with that in UUO mice, while the administration of fatostatin, which is an inhibitor of SREBP-1, in AA-treated mice produced a decrease in the expression of nSREBP-1 (Figs. [6c](#Fig6){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}). The plasma level of 15d-PGJ2 in the mice was measured by GC-MS. UUO mice treated with AA showed a higher level of 15d-PGJ2 compared with that in the UUO group, while fatostatin significantly decreased the level of 15d-PGJ2 compared with that in UUO mice treated with AA (Fig. [6d](#Fig6){ref-type="fig"}), which was consistent with the expression of nSREBP-1. Moreover, the expression of fibrotic proteins was decreased in AA-treated mice and upregulated after the administration of fatostatin (Supplementary Fig. [S4](#MOESM1){ref-type="media"}). These results demonstrated that AA might regulate the level of endogenous 15d-PGJ2 in mice through SREBP-1 and play an antifibrotic role.Fig. 6The protein (**a**) and mRNA expression (**b**) of SREBP-1 in kidneys from control, UUO, and UUO + AA rats. **c** Western blots showing nSREBP-1 expressions in kidneys from Control, UUO, UUO + AA, and UUO + AA + fatostatin mice. Quantitative measurements of protein expression in kidneys from each group as indicated. \**P* \< 0.05, \*\**P* \< 0.01. **d** Alteration of the plasma level of 15d-PGJ2 in mice using GC-MS. \**P* \< 0.05, \*\**P* \< 0.01. **e** Suggested antifibrotic mechanism of asiatic acid

Discussion {#Sec16}
==========

In this study, we demonstrated that the upregulation of nSREBP-1 mediated by AA enhances the level of endogenous 15d-PGJ2, which activates PPAR-γ and protects against renal damage and renal fibrosis (Fig. [6e](#Fig6){ref-type="fig"}). Our major novel findings include the following: (1) AA attenuates renal injury, oxidative stress, and fibrosis induced by the activation of PPAR-γ through increasing its natural ligand 15d-PGJ2 in UUO rats; (2) 15d-PGJ2 attenuates interstitial fibrosis in UUO mice; and (3) AA regulates the production of endogenous 15d-PGJ2, which may be through SREBP-1. This study demonstrates for the first time that the administration of the selective PPAR-γ antagonist GW9662 abolishes the renoprotective effects observed upon treatment with AA in rats. This result indicates that the renoprotective effects of AA are closely associated with PPAR-γ.

PPAR-γ, which is expressed in many organs, including the kidney \[[@CR16]\], is a member of the ligand-activated transcription factor superfamily. PPAR-γ is involved in the expression of many genes and regulates glucose metabolism, insulin sensitivity, lipid metabolism, fibrosis, inflammation, and oxidative stress \[[@CR17], [@CR18]\]. It has been reported that the PPAR-γ agonist pioglitazone reduces proteinuria and preserves renal structure and function in passive Heymann nephritis rats \[[@CR19]\]. In addition, a PPAR-γ agonist can inhibit the generation of ROS and the oxidative stress response \[[@CR20], [@CR21]\], and oxidative stress plays an important role in the pathogenesis of CKD and its complications \[[@CR22], [@CR23]\]. In our study, AA attenuated oxidative stress and fibrosis via the activation of PPAR-γ in UUO rats. PPAR-γ expression was upregulated in UUO rats compared to control rats, which is consistent with previous studies of a renal ischemia reperfusion injury model \[[@CR24], [@CR25]\]. Compared with that in UUO rats, the expression of PPAR-γ did not change upon treatment with AA, implying that the renoprotective effects afforded by AA may be due to the overproduction of endogenous PPAR-γ agonists instead of the upregulation of the protein expression of PPAR-γ.

To verify whether endogenous PPAR-γ ligands are overproduced, we applied untargeted GC-MS-based metabolomics to investigate plasma samples from the control, UUO, and UUO + AA groups. Twenty-two plasma metabolites were identified and are shown in Table [1](#Tab1){ref-type="table"}; we found two ligands of PPAR-γ, namely, 15d-PGJ2, and linoleic acid. They were significantly increased in AA-treated rats compared with UUO rats (Fig. [3e](#Fig3){ref-type="fig"}). Endogenous 15d-PGJ2 produced by the nonenzymatic dehydration of PGD2 has an affinity for PPAR-γ of approximately 2 μM \[[@CR26]\]. This metabolite is the most potent natural ligand of PPAR-γ. PPAR-γ is also activated by a variety of long-chain polyunsaturated fatty acids. Linoleic acid has been reported to bind to and activate PPAR-γ with relatively low affinity (*K*~d~ = 10--100 μM) \[[@CR27]\]. Then, we further validated that AA indeed enhances the plasma level of 15d-PGJ2 in mice using targeted GC-MS-based metabolomics (Fig. [3f](#Fig3){ref-type="fig"}). Moreover, the administration of 15d-PGJ2 attenuated (1) renal dysfunction (reduced the increase in Scr and BUN levels, Fig. [4a](#Fig4){ref-type="fig"}, b); (2) interstitial damage (H&E staining, Fig. [4c](#Fig4){ref-type="fig"}); (3) the expression of fibrotic proteins (Fig. [5a, b](#Fig5){ref-type="fig"}); and (4) the disorder of TGF-β/Smad and Wnt/β-catenin signaling pathways (Fig. [5c, d](#Fig5){ref-type="fig"}). Overall, 15d-PGJ2 showed similar therapeutic effects as those of AA in UUO animal model, and their renoprotective effects were abolished by GW9662. These data indicate that AA ameliorates renal fibrosis, at least in part via enhanced formation of endogenous 15d-PGJ2 in a UUO animal model.

SREBPs play a central role in cell metabolism by controlling the synthesis of fatty acids, TGs, and cholesterol \[[@CR28]\]. SREBP-1 is one of the most important SREBPs, which are synthesized as inactive precursors bound to the ER \[[@CR28], [@CR29]\]. When sterols are depleted in the ER membrane, SREBP-1 is transported to the Golgi, proteolytically released by two proteases and then shuttled to the nucleus to induce the expression of genes involved in fatty acid synthesis. A previous study reported that the expression of an activated form of SREBP-1 causes cells to produce ligand(s) of PPAR-γ \[[@CR30]\]. However, the ligand that is produced is still unknown. Our results show that UUO animals treated with AA exhibit significant increases in the levels of activated SREBP-1 and 15d-PGJ2 compared to those in the UUO group (Figs. [3e](#Fig3){ref-type="fig"} and [6a](#Fig6){ref-type="fig"}), while the administration of fatostatin in AA-treated mice produces a decrease in nSREBP-1 and 15d-PGJ2 levels (Fig. [6c, d](#Fig6){ref-type="fig"}). The data presented here indicate clearly that nSREBP-1 triggers the generation of endogenous 15d-PGJ2.

In summary, we demonstrated that AA increases the expression of activated SREBP-1, upregulates nSREBP-1, enhances the level of endogenous 15d-PGJ2, which activates PPAR-γ, attenuates oxidative stress, rebalances the disorder of the TGF-β/Smad and Wnt/β-catenin signaling pathways, and ameliorates renal fibrosis (Fig. [6e](#Fig6){ref-type="fig"}). Our study, for the first time, reveals, in part, the mechanism by which AA can treat renal fibrosis through regulating endogenous metabolites. This study also provides a paradigm for mechanistic studies of molecules with similar characteristics as those of AA.
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